
We present a microfluidic cell sorter that is able to count, characterize and sort micrometer sized parti-
cles and cells. In addition to optical counting and characterization, also sorting is performed by optical
forces. The device is optimized for simplicity. The microfluidic channels and optical waveguides that
carry the illuminating, detecting and sorting light form a single integrated structure, all built from the
same material in a single photopolymerization step. 
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INTRODUCTION

Cell sorting is a fundamental procedure in life sciences and medical diagnostics.
Fluorescence activated cell sorting (FACS) is a highly developed technology [6]. In
the typical process, fluorescent markers are identified by optical measurements and
the cells are separated according to the content of these markers. The number of opti-
cal markers based on which a mixture of cells can be separated into components can
be quite large. Available instruments can separate cells based on such optical signa-
tures very fast and very efficiently. The device and method is central to a very large
variety of biochemical tests. At the same time, these highly sophisticated instruments
are complex and rather expensive devices, and consequently, their use is limited to
large, well-equipped laboratories.

In a new general trend of biochemical instrumentation, the role of large, expensive
instruments is replaced with small, simple devices. The approach, using miniaturized
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microfluidic systems can realize more and more tasks [14]. The concept, also called
lab-on-a-chip technology, offers a practical advantage in a number of areas. With the
spreading of the genomics approach, there is a demand for a large number of possi-
bly straightforward tests on small amounts of samples that can be performed outside
of major laboratories [7]. Such tests often may not even need the high performance
offered by the traditional highly complex cumbersome devices. There seems to be a
large room for instrumentation where simple biochemical analysis is performed by
easy to use uncomplicated devices.

In the development of this new emerging technology basic functions of biochem-
ical procedures are duplicated in microfluidic systems. Cell sorting based on fluo-
rescent characterization is a typical task that also should be solved with the microflu-
idics technology. There have been several successful attempts in this direction.
Devices with different levels of complexity and integration have been introduced.
Due to the very small sizes, the principle of operation of the miniaturized devices
may be completely different from that of the table-top systems. A number of schemes
were introduced where the sorting is done by different mechanisms, for example
pressure gradients [3, 9], or electrokinetic forces [10].

In particular, the application of light to manipulate microscopic particles is becom-
ing more and more widespread. The observation, characterization of the particles to
be separated is always performed optically, and in microfluidics systems to achieve
this function integrated optical components are added [10, 12].

In the micrometer size regime the pressure of light of reasonable power (10 mW)
is sufficient to move high index of refraction particles in aqueous environment. This
property can be used to separate particles, and a number of vastly different schemes
have been introduced to use light even for the actual separation step. Optical manip-
ulation started as a tool to manipulate individual particles in the form of optical
tweezers, where a focused laser light of large numerical aperture is grabbing a high
index of refraction particle [2]. This optical tweezers can be used to move cells
between microfluidic channels [5]. The force of light was also used in bifurcating
flow channels to deflect cells between the branches in solutions of different com-
plexity [1, 13], in systems analogous to FACS machines.

Recently new sorting schemes have also been introduced where complex optical
light patterns can separate more particles simultaneously. Multiple sorting centers are
created in optical lattices, and with clever arrangements highly efficient sorting can
be realized based on different parameters of the particles to be separated (size, index
of refraction, etc.) [4, 11].

The devices introduced earlier are built with varying level of complexity. The
channels, optical waveguides for the analyzing light are integrated from several com-
ponents of various materials into a single system. However, it is characteristic to all
systems introduced earlier that the sorting step is performed in a complex optical
arrangement: the laser light is introduced into the device in a microscope through a
microscope objective that has to be positioned very accurately to achieve proper
function, and the optical system gets more complicated with the complication of the
optical potential pattern applied.



In the design of the microfluidic devices robustness is also a central requirement
and systems with the highest simplicity in design, production and use would be pre-
ferred. If it can be produced in a simple procedure, cheaply, then an efficient “throw
away” instrument would be obtained for use in rough environment that would pro-
vide advantages by expanding the envelope where such investigations can be done. 

In this work we present a microfluidic FACS device that is built with the lowest
possible complexity. The structure: microfluidic and optical parts are prepared at the
same time from the same material as a single unit. The system is fully integrated, a
microscope is not needed for the operation.

MATERIALS AND METHODS

We chose a Y-shaped structure: an incoming stream of cells is divided into two. The
channel carrying the stream before the bifurcation is investigated with light: an illu-
mination and observation optical waveguide is applied to the channel. The separation
is achieved by light carried to the channel at the Y junction on both sides enabling
redirection into both directions. Figure 1 shows the outlay of the channel geometry.

The device is built as a three layer structure. Layer one, the base is a microscope
slide. The main component is the second layer, the structure containing the channels
and the optical waveguides (Fig. 1). This is built on the glass surface by photopoly-
merization. First, a layer of the polymer is created on the glass support by spin coat-
ing of the desired thickness (typically 40 μm) and the structure is produced by illu-
minating the layer through a mask (MicroT Ltd., Hungary). We used Norland Optical
Adhesive 61 photopolymer (Norland Co., USA) and it was polymerized by light
from a Hg lamp (HBO100, Zeiss, Germany). The reason to use this polymer was that
it has a good mechanical stability, at the same time it is also transparent to the light
at the wavelengths used in our experiments. Finally, in the third layer the structure
was covered by a soft layer of silicone rubber PDMS (Polydimethylsiloxane, Sylgard
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Fig. 1. The layout of the separator. The structure is built in a single photolithography step. Height of the
structure: 40 μm. Width of the channel: 40 μm. Width of the channel wall: 40 μm. Width of the optical

waveguide: 10 μm. The structure is covered with a layer of PDMS
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Fig. 2. Photograph of the separator. a. The structure built by photolithography on a cover slip glass plate
glued upon the central part of a slide. The optical fiber is attached to the integrated waveguide. b. The

finished device on the microscope. The structure is covered with a PDMS block



184, Dow Corning, USA). Figure 2 shows the ready device: in a) the structure before
covering, and in b) the finished device with the input connector in place on the micro-
scope before use. It can be well seen that the structure is most simple: channel and
waveguides are produced as a monolithic unit. The liquid was fed into the channel
through standard microfluidics connectors (Upchurch N-125S, USA) and it was
pumped by a SP100IZ syringe pump (WPI, USA).

Connection to the fluid channels is achieved through the top using the microflu-
idic connectors, while the optical connections are realized by attaching fibers to the
ends of the integrated waveguides on the glass surfaces. The surface integrated wave-
guides extended to the edge of the glass support, the single mode fibers were posi-
tioned and attached to the ends by micromanipulators and they were simply glued to
each other by a photopolymerizing glue (also from Norland, NOA 81).

For both detection and separation laser light was used. Detecting light came from
simple diode laser light of arbitrary wavelength (in the presented experiments we
used an excitation wavelength of 405 nm) coupled into the single mode fiber. The
light at the output of the opposite fiber is fed into a photodetector, this simple
arrangement is used to characterize the object passing in front of the fibers.
Separating light came from a higher intensity fiber laser IPG YLM-2-1070 (wave-
length 1070 nm, maximum intensity: 2W), also carried to the device by single mode
fibers. The efficiency of the coupling was determined in separate experiments: typi-
cally 40% of the light was lost in each connection.

In the experiments polystyrene beads were used to characterize the system: fluo-
rescent and non-fluorescent beads were distinguished and separated. The fluorescent
beads (Fluorescbrite YG Carboxylate Microspheres, Polysciences, USA) contained
the dye FITC with absorption maximum at 441 nm and emission at 486 nm. The light
passing through the channel was measured at the output of the opposite waveguide
behind a colored glass high wavelength pass filter of 450 nm. The light was detect-
ed and measured with a photomultiplier Hamamatsu H5783-01 (Japan). 

The system was observed on a microscope: an inverted microscope Zeiss Axiovert
135 was used. We monitored the device by a TV camera, and recorded the events in
a computer for detailed analysis. The motion of the beads was followed individually
by Particle Tracking Velocimetry (PTV) implemented in the iTrack developed in our
institute. All characteristic parameters (position, trajectory, velocity) were deter-
mined and stored separately, and this way any desired parameter of the flow or sep-
aration could be determined. The trajectory and all character of each one was deter-
mined and stored in the computer for later analysis.

RESULTS

Detection and characterization of the beads

First the particles passing in front of the observation optical waveguides have to be
characterized. This is the basis of sorting. We tested and demonstrated this task by
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identifying fluorescent and non-fluorescent polystyrene beads. The colored glass
high pass filter through which the observation light is measured transmits a small
portion of the light even at the wavelength of the diode laser that the highly sensitive
photomultiplier detector can safely detect. Consequently, if a non-fluorescent bead
passes in front of the waveguides, it blocks the light, and a decrease of light intensi-
ty is detected as a signal of the event. On the other hand, a fluorescent bead causes
an increase of the light at the emission wavelength – both cases are shown in Fig. 3.
The fluorescent and non-fluorescent beads are represented by positive and negative
light pulses. It is characteristic in the signal in Fig. 3b that in the case of the fluores-

Fig. 3. The light in the integrated optical detection component. a. A non-fluorescent bead is passing
between the illuminating and detecting waveguides. b. A fluorescent bead is passing between the wave-

guides



cent bead the signal always starts with a decrease of the light. The reason for this phe-
nomenon is probably that this is a superposition of the light blocking and fluorescent
type signals and since the optical beam parameters detecting the blocking and the flu-
orescence are not identical, a transient decrease of light intensity is not surprising.
We also note that the specific characteristics of the signals vary to a certain extent,
they are not totally identical. This is due to the fact that the beads pass the detecting
waveguides in different positions in the channel. Depending on whether they move
in front of the illuminating waveguide or the detecting one, the observed signal will
change slightly. However, the general characteristics, i.e. that in the case of the non-
fluorescent bead only light decrease is observed and in the case of the fluorescent
bead the light increase is dominant is always true. The data show that a reliable char-
acterization of the beads can be achieved this way.

Separation of the beads

The beads are separated with light coming from the waveguides at the Y junction.
The images in Fig. 4 show traces of beads in the channel at the bifurcation. Figure 4a
shows the state where there is no separation: the flow is laminar, and the beads end
up in the bifurcating channels depending on their position within the channel before
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Fig. 4. Beads moving in the separator. Traces of several typical followed beads are shown. a. There is 
no separating light: beads are deflected according to their position in the channel before the Y-junction.

b. The separating light is coming from the left: all beads are deflected to the right

a b
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the branching. If the separating light is turned on, the beads are pushed into a single
channel, as shown in Fig. 4b, where light comes from left.

We studied the separation in great detail: traced a statistic number of beads and
analyzed how effectively it is possible to deflect the selected beads into the target
channel. The conditions for perfect separation are depending primarily upon the laser
intensity and flow velocity. Such an investigation of the system is shown in Fig. 5,
where the separation efficiency is studied as a function of separating laser intensity.
The definition of the efficiency is the following:

where a is the number of beads going into the desired channel, t is the total number
of beads and if the distribution of the beads before the branching is uniform η
changes between 0 and 1. A separation efficiency 0 means that the beads are not
affected by light while 1 means perfect separation. The figure shows that a laser
intensity of 0.5 Watts is sufficient to achieve good separation.

We note the sigmoidal shape of the intensity dependence. While a separation level
of 70–80% is achieved already at a laser intensity of 200 mW, to increase the effi-
ciency further needs significantly increased intensity. This is due to the fact that some
beads move at the side of the channel and they are more difficult to move. Significant
improvement could be achieved if the movement of the beads could be localized to
the center of the channel.

⎟
⎠
⎞⎜

⎝
⎛ −= 5.0*2

t
aη

Fig. 5. The efficiency of sorting as a function of the sorting light intensity



CONCLUSIONS

We have built a fully functional separator. The key structure of the device is built by
photopolymerization in a single photolithographic step. All components (channel
walls, optical waveguides for both detection and separation) form a monolithic unit.
Only the accessory components, like baseplate, connectors, etc. have to be provided
separately. Light for both detection and separation is provided to the device by opti-
cal fibers, they are easily attached to the planar structure. Thus, the most simple
device is a stand-alone system: it is able to function independently from any complex
optical system such as a microscope. This device has to be regarded as a proof-of-
concept instrument, it demonstrates that it is possible to build simple optically driven
microfluidic systems that perform complicated functions.
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